Background: Hyperoxemia (arterial oxygen tension >100 mm Hg) may occur in criti-
| INTRODUCTION
Mixed systemic venous oxyhemoglobin saturation (SvO 2 ) is often used as a surrogate for the adequacy of cardiac output when oxygen supply is thought to be threatened. Accordingly in many protocols, these values are tracked as a target for therapy. 1, 2 However, interpretation of changes in SvO 2 when oxygen supply is not limited has not been well assessed; this has importance because the inference derived about cardiac output based on venous blood can influence estimates of other variable such as pulmonary vascular resistance. At first approximation in a stable Presentation: Preliminary data from this work was presented at the American Heart Association's Scientific Sessions, November 10-14, 2017, Los Angeles. subject, one would expect any increase in the fraction of inspired oxygen (FIO 2 ) to cause arterial and thence mixed venous oxygen contents to increase in direct proportion, with the assumptions that cardiac output (CO), oxygen consumption (VO 2 ), pulmonary venous admixture, and systemic venous admixture do not change.
However, it is possible that elevations in arterial oxygen tension (PaO 2 ), as occur during hyperoxic ventilation, may result in elevations in tissue oxygen tension (tPO 2 ) and SvO 2 independent of changes in oxygen delivery (DO 2 ). 3 In addition to its frequent use in assessing critically ill patients, SvO 2 is also an essential component of the Fick principle. 4 The classical Fick principle (ie. oxygen-based, Fick O2 ) states that the whole body utilization of oxygen is equal to the product of the arteriovenous oxygen content difference and cardiac output. In response to changes in PaO 2 , SvO 2 may change to a greater magnitude than arterial oxyhemoglobin saturation, narrowing the arteriovenous oxygen content difference and increasing Fick O2
estimates of CO. Fick O2 remains commonly used in critically ill infants and children with congenital heart disease, as well as in the cardiac catheterization laboratory, where it is used to estimate pulmonary vascular resistance and evaluate candidacy for cavopulmonary anastomosis 5 or for heart transplantation. 6 The majority of studies comparing Fick estimates to reference standard measurements, such as thermodilution, describe an overestimation of CO by Fick relative to reference standards, 7-9 at times to a clinically and statistically significant degree. [10] [11] [12] [13] This phenomenon appears to be more pronounced in patients with elevated arterial oxygen tension.
Understanding the effects of PaO 2 on SvO 2 and on the accuracy of Fick O2 may have a significant impact on the assessment of critically ill patients, particularly those with congenital heart disease. The purpose of this study was to assess the effects of acute changes in PaO 2 on tPO 2 , SvO 2 and Fick O2 estimates in a porcine model, hypothesizing that arterial hyperoxemia (created by hyperoxic ventilation) would cause DO 2 -independent changes in SvO 2 and Fick O2 .
We studied healthy swine in order to minimize variability in DO 2 between experimental replicates.
| ME TH ODS AND MEASUREMEN TS

| Instrumentation
We performed the following prospective research study in swine over a 6 month period. ) were anesthetized using inhalational Isoflurane (0.5%-3%), intubated, and paralyzed to minimize physiologic variability.
Cuffed tracheal tubes were used, and the cuff inflated to maintain <5% difference between inspired and expired tidal volumes. Ventilation was with positive end expiratory pressure (PEEP) 5 cmH 2 O and volume control ventilation (tidal volume 10 mL/kg body weight).
Myocardial tPO 2 was quantified using a fluorescence quenching oxygen tension probe (OxyLite, Oxford Optronix) inserted into the ventricular septum to a depth of 2-4 mm via epicardial puncture. (Figure 1 ). The dissolved oxygen fraction was included for all oxygen content calculations (both arterial and venous).
| Device accuracy and calibration
The blood gas device used potentiometric (for pH and PaCO 2 ) and amperometric (for PaO 2 ) measuring principles and a regular internal
Editorial Comment
In this study, mixed venous oxygen saturation increased during hyperoxaemic conditions independent of the oxygen delivery in an experimental swine model with stable oxygen consumption. This has implications for Fick derived calculations of cardiac output.
calibration which includes three levels of NIST traceable quality control every 8 hours for each of these endpoints. Prior to each experiment, we completed a manual calibration of the instrument (S7770 ctHb calibration solution and QUALICHECK5 + System Control).
Properly calibrated, the device has a reproducibility between 1.8 mm The respirometer was also calibrated across the relevant ranges prior to each use according to manufacturer's instructions.
We were careful to calibrate the device prior to and following each use, and did not identify drift in the oxygen or CO 2 sensors, and found the results to be reproducible within and between animal replicates. We found it important to wait for several minutes for inspiratory and expiratory gases to equilibrate prior to measuring VO 2 or VCO 2 , as even minor manipulations in FIO 2 create significant acute (artifactual) changes in measured VO 2 due to equilibration with the functional residual capacity, an important consideration for the clinical use of Fick. As a confirmatory test to examine for extrapleural (artifactual) gas loss, we observed a 5 minute observation period at FIO 2 of 80% following the death of each animal, finding VO 2 to be undetectable in each circumstance.
During experimentation, we were careful to monitor for the following pitfalls of the flow probe monitor: (a) we ensured that the probe was calibrated and maintained at body temperature throughout the case; (b) we ensured a secure and complete, yet not constrictive fit of the flow probe around the aortic root, and that the probe-vessel interface remained wet; (c) we carefully chose the appropriate size of probe for each aorta, which we found to be an 18 mm probe in each case; and (d) we frequently examined for and avoided off-angle readings to ensure that the probe remained perpendicular to the flow path.
| Statistical analysis
We assessed the effects of PaO 2 , tissue PO 2 and measured DO 2
(the product of measured CO and arterial oxygen content) on 
| Accuracy of Fick O2 during hyperoxemia
The individual components measured during hyperoxia are shown in Figure 3B ). The average bias in Fick O2 was +1.346 L/min/m 2 ( Figure 3C ). The validity of our findings is therefore important to examine critically. Firstly, the reference standard measure of CI must be accurate and precise. We used an aortic flow probe, an oxygen-independent measure of blood flow using ultrasonic signal coupling technology to quantify both laminar and turbulent flow. In a compelling experiment, this device was placed on the aortic root of swine as left ventricular preload was provided by a calibrated roller pump; both the correlation (r = 0.98) and relationship between roller pump flow (ie.
| Accuracy of Fick CO2 during hyperoxemia
| DISCUSSION
preload) and pulsatile aortic flow (slope 0.98) were excellent. 14 It is important to note that the flow probe was placed on the proximal aortic root distal to the takeoff of the coronary arteries and therefore coronary flow was not included in flow measured by the probe.
In swine, coronary blood flow represents only~3% of cardiac index, 22 such that aortic and pulmonary flow, as measured by the flow probe, are nearly identical. 14 We chose this location (rather than the pulmonary artery) for the favorable stability of the probe when positioned on the aortic root. Given these considerations, we believe that our flow probe measurements represent an accurate ref-
erence standard. The accuracy of VO 2 measurement is also essential to the accuracy of Fick O2 estimates, as it is well known that estimation of VO 2 results in significant errors in CI estimates, particularly in critically ill patients. 23, 24 We measured VO 2 and VCO 2 using a commercially available breath-by-breath system, 25 calibrating it as described above. Another source of potential error is in the analysis of sampled blood. It is known that delay in sample processing (>2-3 minutes) can lead to significant error in either oxygen or carbon dioxide tension measures, particularly in the presence of an air bubble within the sample syringe. 26 Thus, we were careful to analyze blood gases within 1 minute of blood sampling, took care to ensure the absence of air bubbles in the sampling syringe, and to withdraw blood samples slowly to prevent arterialization of venous blood samples from the pulmonary artery. Having taken these precautions, we believe that the findings below are valid.
We noted that Fick O2 overestimates CO during normoxic ventilation, and that this overestimation increases progressively during hyperoxia due to its effects on SvO 2 . Several groups have noted a similar degree of overestimation by Fick O2 as compared to a reference standard during normoxia, at times to the same degree that we did. 8, 13, 27, 28 A fraction of the error may be that we neglected to measure coronary blood flow, though as mentioned previously we believe this to be a negligible fraction of total CO. More likely, this phenomenon is related to compounding measurement errors in several of the components of Fick O2 . The first is that a component Finally, the systematic error in Fick O2 was absent in Fick CO2, though the poor correlation makes it clinically less useful. In isolation, the venoarterial carbon dioxide tension difference (Pv-aCO 2 )
has been shown to widen in shock states, [31] [32] [33] [34] and has been proposed as a useful endpoint for goal directed therapy. 35 Fick CO2 (as described in Figure 1) and flow probe measurements.
| Limitations
There are several limitations to this work which merit consideration.
As mentioned above, we assumed that gas flux was in steady state at the time of measurement. Although we waited a consistent, clinically-relevant period of time prior to making measurements (10 minutes after which measured VO 2 , tPO 2 , and SvO 2 changed by <5%),
it is possible that our definition of steady state was excessively lenient and that achieving steady state may take an hour or longer. 37, 38 Under the conditions tested, oxygen flux between tissues and mitochondria occurs across low oxygen tension gradients, and may take significant time to equilibrate. Although this effect may account for the errors we noted, we believe this experiment to represent a manifestation of steady state as clinically defined in the cardiac catheterization lab and intensive care unit (to the extent that it is, since neither VO 2 , tPO 2 , nor SvO 2 are commonly measured continuously). 
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